Introduction {#Sec1}
============

Non-invasive imaging techniques are the key for better understanding the root-soil interaction which is of great relevance for both plant and soil scientists. Neutrons are a unique probe for non-destructive investigation of root-soil systems. Unlike protons or X-rays, they interact only weakly with most materials, e.g. with most mineral soil particle, but strongly with hydrogen or, more precisely, hydrogen containing substances. For this reason, they can sensitively detect the presence of water and roots (which are mainly composed of water) in the soil matrix^[@CR1]^. As neutrons also distinguish in interaction with different isotopes of hydrogen (essentially deuterium vs. hydrogen), water exchange processes inside porous soil matrix and the roots can be followed when deuterated water (D~2~O) is used as tracer substance^[@CR2]^ while other contrast agents such as gadolinium still have to be established^[@CR3]^. Neutron imaging has developed during the last decade into a powerful technique to study the architecture of root systems and the water distribution in the surrounding soil *in situ* ^[@CR4]^. However, this is possible so far only by taking samples to a stationary neutron imaging facility, though there are some first approaches to develop also mobile neutron imaging devices^[@CR5]^. The sample containers used have to be of material suited for a low level of neutron attenuation. Often aluminium is used, sometimes boron-free glass. Iron and other metals are possible, but only an inferior choice, whereas most common plastic materials are not a feasible choice because of being rich in hydrogen.

Due to the high temporal resolution (few seconds) 2D neutron radiography (NR) is capable to capture dynamic changes in the local water distribution of the sample. It has been successfully applied to visualize water transport phenomena in plants, e.g. root uptake^[@CR6],\ [@CR7]^, axial transport in the xylem^[@CR8]^ and the formation of embolisms^[@CR9]^. These studies provided valuable insights into the root uptake and axial water transport in plants. The analysis of water flows were, however, intrinsically restricted to the two-dimensional imaging approach. Extending the observation to three dimensions promises a great leap forward in understanding the water flow into the roots^[@CR4]^. As the acquisition of a tomogram usually takes several hours insufficient time resolution has certainly been the greatest obstacle for visualizing three-dimensional flows by means of neutron tomography^[@CR10]^, even more in rooted soil. A drastic acceleration of the acquisition process is, therefore, necessary to resolve the water dynamics of the rhizosphere in three dimensions. Dierick *et al*.^[@CR11]^ have made a first attempt in this direction for infiltration in a rock sample, though with substantial compromises on spatial resolution. This approach has not been followed up any further, definitely not for plant-soil-systems, until a recent initiative by Zarebanadkouki *et al*.^[@CR12]^. Instead the need for resolving roots and water content of surrounding soil has favoured the use of increasingly resolved images; with the downside that according tomography exhibits long acquisition times excluding the observation of dynamic processes such as water infiltration. We have consequently moved the existing approaches forward by modifying a number of experimental conditions towards high-speed tomography, enhanced by the available equipment, while not compromising too much on image resolution, signal-to-noise and contrast. A novel component introduced is the steady rotation of the sample accompanied by continuous acquisition of radiographic projections, which turned it into an ultra-fast tomography. The motion blur associated with the rotation during acquisition of the images has shown not to be a substantial limitation. This novel approach was tested in respect to quality of tomograms achieved and first results obtained for a quick wetting of a rooted soil and subsequent root water uptake, identified with help of deuterated water introduced.

Results {#Sec2}
=======

Progressive acceleration of acquisition speed {#Sec3}
---------------------------------------------

In an initial test series the acquisition time per tomogram was progressively reduced from 60 s to 10 s and the quality of resulting images was evaluated. Figure [1](#Fig1){ref-type="fig"} shows 3D renderings of the lupine root system as retrieved from the reconstructed sample volume. The images impressively demonstrate that the architecture of the root system can be captured in detail in less than one minute. Note, that already the slowest acquisition time (Fig. [1a](#Fig1){ref-type="fig"}; t~acquisition~ = 60 s) represents a speed up by a factor 100 with respect to standard neutron tomography. While further reducing the acquisition time by factor 6 (from left to right in Fig. [2](#Fig2){ref-type="fig"}) the major information about the root system architecture could be widely retained, i.e. shape and orientation of tap root and laterals roots are clearly visible.Figure 1Lupine root system grown in sandy soil (total soil water content was 0.10 cm^3^/cm^3^) captured by ultra-fast neutron tomography at increasing speed of measurement. Total acquisition times were (**a**) 60 s, (**b**) 30 s, (**c**) 15 s (**d**) 10 s, and all 3D views are shown from the same perspective. Even at highest speed the major features of the root system are retained. Figure 2Analogous radiographic projections captured while sample was rotating in four different ultra-fast neutron tomographies constituting a tomographic test series. (**a**) 60 s -- tomography: t~exp~ = 0.2 s; (**b**) 30 s -- tomography: t~exp~ = 0.1 s; (**c**) 15 s -- tomography: t~exp~ = 0.05 s; (**d**) 10 s -- tomography: t~exp~ = 0.05 s. The white rectangles in a indicate regions used for contrast calculation.

Image signal-to-noise and contrast of ultra-fast tomography {#Sec4}
-----------------------------------------------------------

Our approach to speed up tomographic measurements is based on a modified acquisition procedure, which involves the continuous rotation of the sample as well as reduction of exposure time and number of radiographic projections. In the following we briefly discuss how this approach affects image quality in terms of spatial resolution and signal-to-noise ratio (SNR). An important general requirement for fast measurements is a high neutron flux available at the instrument, since the number of detected neutrons linearly decreases with reduction of exposure time. Accepting moderate increase in geometrical blur the enlargement of the pinhole aperture is a useful measure to increase the neutron flux at the detector. Using a 3 cm aperture the physical spatial resolution of the detector system (exposure time t~exp~ = 0.2 s, L/D = 167, no binning) was about 150 µm (see test pattern depicted in Fig. [1](#Fig1){ref-type="fig"}). Applying 2 × 2 and 3 × 3 binning the resolution reduced to about 200 and 280 µm mode while the effective signal intensity was enhanced by factor 4 and 9, respectively.

Figure [2](#Fig2){ref-type="fig"} displays one radiographic projection for each tomogram measured in the initial test series. Noise and resolution are on a reasonable level to resolve the major details of the root architecture even at the highest speed of acquisition. From the visual inspection of Fig. [2a--d](#Fig2){ref-type="fig"} a moderate increase of noise and slight deterioration in sharpness of details is noticed with increasing speed of acquisition. The signal-to-noise ratio (SNR = (signal intensity − background intensity)/standard deviation of signal) was exemplarily calculated for radiographic projections and their corresponding flatfield images. The signal intensity was determined for a 20 × 50 mm^2^ soil-filled region in the central part of the sample and the standard deviation for a 7 × 7 mm^2^ region at the centre of the flatfield. The SNR of flatfields ranged from 17.9 to 20.8 while the SNR of projections ranged from 4.8 to 7.0 (see Table [1](#Tab1){ref-type="table"}). Note that the soil water content - being the dominating factor for neutron attenuation by the sample - strongly affects signal intensity and hence the SNR of the projection. For comparison, we also calculated SNR for a plant sample with identical dimensions and similar soil water content (θ = 0.09 cm^3^cm^−3^) which was measured by conventional tomography in previous experiments at spatial resolution of 40 µm/pixel (not shown here). SNR were higher (21.4 for flatfield and 10.7 for projection) but still in a range comparable to those of the ultra-fast acquisition. The conventional measurement had a better physical resolution of about 100 µm/pixel, however the temporal resolution (t~exp~ = 10 s/projection and 100 min/tomogram) was more than 100-fold lower. Thus, the gain in time is substantially higher than is the loss in space.Table 1Overview on signal to noise ratios and contrast between roots and soil measured for the initial test series.t~exp~ \[s/projection\]SNR flatfieldSNR projectionContrast root-soil (radiograph), %Contrast root-soil (tomographic slice), %0.228.07.018400.120.85.617380.0517.94.916410.0517.94.81443

A specific advantage for imaging samples with rooted soil is the strong contrast between roots and soil. However, in 2D radiographs this contrast is diluted because each pixel represents already a mixed signal of root and soil water^[@CR13]^. This makes 3D tomography very attractive, because the latter has the potential to maintain the original contrast and extract the water content changes at the important interface between roots and soil much better. We exemplary calculated the contrast between tap root and soil for the radiographic projection and the according tomographic slice after 3D reconstruction, respectively,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Contrast=\frac{{I}_{soil}-{I}_{root}}{{I}_{soil}+{I}_{root}}\cdot 100\, \% $$\end{document}$$with *I* being the signal intensity (regions indicated in Fig. [2a](#Fig2){ref-type="fig"}). The contrast ranged between 14% and 18% in the radiographs and 38% and 43% in the tomographic slices (not shown here). These high contrast values facilitate capturing the root system in detail also at high speed.

Blurring of images by continuous sample rotation {#Sec5}
------------------------------------------------

A specific feature of the presented ultra-fast neutron measurements is the continuous rotation of the sample during tomographic acquisition. This inevitably adds some motion blur to the radiographic images. The degree of motion blur depends on the object speed in relation to the exposure time and the spatial resolution of the image. During acquisition, the number of radiographic projections taken over a specific angular interval determines this relative speed. Considering a rotational movement, motion blur within the sample increases linearly with distance from the rotation axis. In Fig. [3a](#Fig3){ref-type="fig"} this fundamental relationship is plotted for different numbers of projections. In addition, Fig. [3b](#Fig3){ref-type="fig"} displays the maximum motion blur occurring at the outer edge of the considered sample (Ø27 mm) for increasing number of projections. The motion blur occurring at this distal edge of the sample is 140 µm for 300 projections and 212 µm for 200 projections. As these values are below the spatial resolution they do not substantially deteriorate the image quality and can be tolerated.Figure 3Continuous sample rotation results in motion blur of radiographic projections. Motion blur increases linearly with distance from rotation axis (**a**) and is inversely proportional to the number of projections (**b**).

The contrast provided from the tomographic slices is related to the difference of the attenuation coefficients in these slices. The small deviations between the values in Table [1](#Tab1){ref-type="table"}, last column, show that the reconstruction of the attenuation coefficients is reliable even if the SNR in the angular projections is reduced (see 3^rd^ column in Table [1](#Tab1){ref-type="table"}).

Tracking dynamic water movement in a rooted soil sample {#Sec6}
-------------------------------------------------------

In the second part of the experiment, we tested the capability of the acquisition procedure to track dynamic water flows through the porous soil column. The 4 ml of deuterated water applied at the bottom quickly entered the sample as it was lifted upwards by the capillarity of pores, first through the porous bottom plate and then into the soil. In Fig. [4](#Fig4){ref-type="fig"} we visualized the water front rising upwards or, more precisely, the displacement of light water being pushed upwards by deuterated water.Figure 4Time-resolved neutron tomography of the lupine root system after the injection of 4 ml deuterated water (D~2~O) through the bottom. The time series (30 s ≤ t ≤ 300 s) shows the ascending front of water (H~2~O) displaced by deuterated water moving upwards. The time resolution for each tomogram is just 10 s. A video of this sequence is provided in the supplementary information.

Water content isosurfaces were retrieved using the volume renderer 'SquatterHQ' of VGStudio MAX. A video of this sequence is provided in the supplementary information (see Video [1](#MOESM1){ref-type="media"}) of this article. During adjustment of renderer settings the histogram was divided by thresholds in three intervals in order to visually distinguish between roots, water and soil. Voxels with the highest attenuation (corresponding to a local water content θ \> 0.5) were rendered in yellow representing the root tissue, those with medium local attenuation values (corresponding to a soil water range of about 0.1 \< θ \< 0.5, i.e. less strongly bound and better plant available water) in turquois representing soil water. Voxels with lower attenuation were rendered transparent, because they represent wall material or drier pores with fewer and more strongly adhering water.

Figure [4a](#Fig4){ref-type="fig"} displays the initial state of the rooted soil column, which is hydraulically separated by a layer of coarse sand at medium height. As indicated by the turquois cloud (representing the 3D soil water distribution above the threshold) the upper soil compartment is significantly wetter than the bottom compartment. Since the soil in the lower compartment is relatively dry (water content below 0.1 cm^3^/cm^3^) it is rendered transparent. This low soil water content implies that the soil has dried to a level where the remaining water is almost not available for plant uptake by lupine roots anymore and water uptake will cease^[@CR14]^.

Upon injection of deuterated water (Fig. [4b](#Fig4){ref-type="fig"}), the water still present in soil pores is successively displaced. Though deuterated water itself is not visible due to its low attenuation coefficient (µ~H2O~ = 5.4 cm^−1^ vs. µ~D2O~ = 0.1 cm^−1^) its movement can be detected by the accumulation of soil water above the ascending deuterated water front, being tracked as turquois, cloudy structure in Fig. [4](#Fig4){ref-type="fig"}. With further progress the front of deuterated water displaced soil water not only moves upwards, but its total amount increases correspondingly, as visible in form of the expansion of the region with higher water content shown in turquois. The relatively large amount of soil water displaced has to be interpreted as almost complete wetting of soil pores by D~2~O with according replacement of the water that was present before. This has already been observed in 2D experiments^[@CR15]^ but in the 3D tomography the high degree of water replaced becomes clearer and local deviations by roots or walls can be identified. After 5 minutes, the upper front of displaced water has reached the top of the lower soil compartment where it is sharply stopped by the capillary barrier layer (Fig. [4f](#Fig4){ref-type="fig"}).

The stable shape and amount of the water cloud in the following period 5 to 10 minutes after injection started (Fig. [5b--d](#Fig5){ref-type="fig"}) indicates a relatively stagnant 3D distribution of the soil water replaced. This confirms that the local dispersion in the porous soil matrix is small and mixing of the deuterated with non-deuterated water does only proceed slowly. This also allows observing a second phenomenon during this period, i.e. the uptake of deuterated water by lateral roots.Figure 5Time series of neutron tomograms showing the lower soil compartment of the plant container at (**a**) 0 min; (**b**) 5 min; (**c**) 8 min (**d**) 10 min after feeding D~2~O through the bottom plate. In the bottom row three lateral root segments are selected (area indicated in **e**) and shown as a close-up time development. The gradual disappearance of the lower part of the lateral roots indicates the uptake of deuterated water by these root segments.

Identifying root water uptake {#Sec7}
-----------------------------

When entering roots the deuterated water successively displaces H~2~O in the roots causing a decrease of local neutron attenuation of root tissue. Figure [5](#Fig5){ref-type="fig"} displays a time series of the lower soil compartment over a course of 10 minutes using identical rendering settings as in Fig. [4](#Fig4){ref-type="fig"}. Taking reference to the initial state depicted in Fig. [5e](#Fig5){ref-type="fig"} lateral roots start to gradually disappear from the bottom of the container 5 minutes after the start of injection of deuterated water (Fig. [5e](#Fig5){ref-type="fig"}, close-up). This development continues indicating active water uptake especially in the apical region of the lateral roots. On longer time scales also the movement of deuterated water inside the roots could be tracked, becoming distinguishable especially after passing the capillary barrier layer, as was done in two-dimensional radiography recently^[@CR15]^.

Discussion {#Sec8}
==========

Pushing the limits of neutron tomography towards much faster acquisition speeds as main objective turned out to be remarkably successful, with very moderate compromises on signal-to-noise, spatial resolution and contrast. Taking advantage of the high and constant neutron flux available at the upgraded CONRAD II imaging instrument we sped up the acquisition of neutron tomograms from hours to tens of seconds. Progressive reduction of acquisition time from 60 s to 10 s only resulted in a slight deterioration of image quality and the modified acquisition procedure did not introduce additional imaging artefacts. The tremendous gain in measurement speed clears the way for time-resolved 3D measurements of dynamic changes in water distribution. We could demonstrate this for the first time by a tracking of a water front ascending in a column of rooted soil upon infiltration of deuterated water from the bottom. The image quality was maintained even at maximum acquisition speed such that the root architecture could be resolved in high detail. Furthermore, the root uptake of D~2~O was proven in particular for apical root regions. Overcoming the problem of long acquisition time, ultra-fast neutron tomography opens up the possibility to image the 3D water dynamics of the rhizosphere. Thus, the water distribution in soil can be mapped with good reproducibility (Fig. [5](#Fig5){ref-type="fig"}, top part of sample) and be distinguished from roots and dry pore space, which is much more challenging for alternative 3D approaches^[@CR16],\ [@CR17]^. Compared to conventional neutron tomography another advantage is the much shorter exposure time to the neutron beam. For 2D neutron radiography basic estimates show that radiation side-effects are probably not an issue^[@CR18]^, while the conventional tomography is already at an exposure level closer to possible damages of plants due to the much longer exposure times. Whereas the ultra-fast neutron tomography introduced has only an exposure in order of a 2D neutron radiography and could be even repeated several times, though not continuously, while still minimizing radiation damages.

So far the observation of root uptake via D~2~O tracing was only possible by 2D neutron radiography with the intrinsic drawback of losing the depth information in beam direction. Using ultra-fast neutron tomography we are now able to detect and exactly localize the D~2~O uptake by individual root segments time-resolved in three dimensions. Further studies could also track the transport of the D~2~O towards tap root and even into the stem. Altogether, capturing root system architecture and resolving dynamic root uptake and transport in a three-dimensional way, ultra-fast tomography offers a great chance to enhance the predictive power of up-to-date water flow and transport models. Sophisticated 3D approaches modelling root-soil interactions calculate water and nutrient transport under consideration of the specific architecture of the root system^[@CR19]--[@CR21]^. The information necessary about architecture and transport dynamics can now be retrieved from such tomographic data and thus model parameterization and validation can now be based on the actual root system that drives the uptake^[@CR10]^. Both, time-lapsed experimental 3D tomography data as well as associated numerical simulation of dynamic changes in 3D root-soil systems will create huge data sets that create a need for specific methods in processing, visualization and interpretation of these big data.

The present study demonstrated the feasibility of ultra-fast neutron tomography to visualize 3D flows in porous media, which suggests further applications in the field of soil, material and geosciences^[@CR22]^. It could be used to study transport phenomena in sand, soil or rocks, e.g. preferential flow in structured soil^[@CR23]^, fingered flow in hydrophobic sand^[@CR24]^, non-wetting phase entrapments by snap-off^[@CR25]^ or transport through fractured rocks^[@CR24],\ [@CR26]^, now with unprecedented temporal resolution. The method can be assisted by the application of D~2~O pulses providing contrast in saturated pore matrixes, which is necessary to differentiate between stationary and moving water.

Finally, enhancement of the neutron beam intensity holds great further potential for ultra-fast tomography. When applied at even more powerful neutron facilities compared to BER II, such as the continuous neutron source at ILL in Grenoble, France (6 times higher power) or the future ESS pulsed neutron source in Lund, Sweden (6 times higher intensity), the resolution capability of the method can be further improved. Greater neutron flux could be either exploited for acceleration of the acquisition process or for refining the spatial resolution in single images. Overall, scientists now have the choice between investing a considerable time for a tomography with ultimate quality and resolution limited to a stagnant water distribution, or obtaining 3D data of at least acceptable quality but tracking quick changes of water redistribution in soil and associated root water uptake. Notwithstanding, a combination of the two types of 3D imaging could be the most fruitful approach, e.g. by first retrieving the 3D root system in highest quality before tracking water dynamics with the novel ultra-fast tomography.

Methods {#Sec9}
=======

We performed non-invasive imaging experiments on young, potted lupine plants. Plants were cultivated at the University of Potsdam whereas the imaging experiments were carried out nearby at the neutron source BER II of Helmholtz Centre Berlin using the CONRAD II cold neutron imaging instrument^[@CR27]^.

Plant growing {#Sec10}
-------------

Individual white lupine plants (*lupinus albus*) were grown in quartz glass columns of 27 mm diameter and 100 mm height filled with sandy soil collected at the Chicken Creek catchment near Cottbus, Germany (cf.^[@CR14],\ [@CR28]^). At medium height, the soil column was compartmented by a 1 cm thick horizontal layer of coarse sand, which blocked capillary water transport between the compartments without hindering roots to grow across (see ref. [@CR14]). Seeds were placed on wet paper towels in the dark for 24 hours to start germination, and then planted at 1 cm soil depth. After sprouting an additional 1 cm thick layer of gravel was added to the top in order to minimize evaporation from the soil surface. Plants were grown in a plant growth chamber applying a photoperiod of 14 h per day with light intensity of 400 µmol/(m^2^s). The day and night temperatures were 24 °C and 19 °C, respectively, while the relative humidity was kept at 60%. Plants were irrigated every second day from top and bottom to a water content of 0.25 cm^3^/cm^3^. The imaging experiments started 11 days after planting. During the tomographic acquisition plants were illuminated from above by a plant growing lamp (light intensity also 400 µmol/(m^2^s)) to sustain transpiration.

Imaging experiments {#Sec11}
-------------------

The CONRAD II imaging facility is provided with a high and very stable neutron flux by the cold neutron source of the BER II research reactor. For this reason, it offers best technical conditions for performing fast neutron tomography. We modified the established experimental procedures in several ways to achieve as short acquisition times for a tomogram as possible. 1) The neutron flux was enhanced by adjusting the pinhole to allow for a bright illumination by neutrons, though losing some resolution. 2) All projections were stored in the built-in memory of the camera, which was read out only after complete acquisition. 3) The radiographic projections were captured on the fly during the sample is rotating, avoiding the time-consuming stepwise rotation with iterated acquisition of individual projections, which has been the most limiting factor for achieving tomograms with high speed^[@CR11]^. Overall, a fine-tuned balance was kept to sustain the quality of tomograms sufficient for investigation the root-soil interface, though reducing the time spent for acquisition tremendously.

In detail, a detector system consisting of a 200 µm thick ^6^LiZnS:Ag scintillator screen and sCMOS camera (Andor 'Neo') in combination with a bright Nikon photo lens (focus 50 mm, aperture 1.2) was employed at the middle measure position of the instrument where beam conditions are suitable for high speed measurements^[@CR27],\ [@CR29]^. The beam path length from the collimator to the sample position was 5 m, the pinhole aperture 3 cm resulting in an L/D ratio of 167. The physical spatial resolution of the employed detector system was about 150 µm (exposure time 0.2 s, no binning, see test pattern depicted in Figure [S1](#MOESM1){ref-type="media"} of the supplementary information). Pixel binning (2 × 2 or 3 × 3) was applied to enhance signal-to-noise ratio resulting in effective pixel sizes of 110 and 165 µm, respectively.

For the image acquisition, we used a LabVIEW-based software system to control the interaction of the individual components of the imaging instruments. The plant sample was placed and secured on an aluminium dish serving as water reservoir during irrigation. This dish was mounted on a manipulation stage in front of the scintillator. In contrast to conventional tomographic acquisition in which the sample is stepwise revolved over a range of 180° or 360° we rotated the sample at constant speed while images were taken continuously. The speed of rotation was adjusted such that 300 or 200 radiographic projections were taken over a range of 180° during the desired total acquisition time of the tomogram of the sample. In an initial test series we stepwise reduced the acquisition times from 60 s to 10 s per tomogram. Exposure time, binning factor and number of projections used in this series are summarized in Table [2](#Tab2){ref-type="table"}. Afterwards, the plant sample was watered from below with a predefined amount of water (4 ml) fed into the aluminium dish holding the plant container by a syringe pump (Fresenius Pilot C) at a rate of 100 ml/h. We applied deuterated water (D~2~O) instead of H~2~O in order to trace and localize the uptake of D~2~O by individual root segments. The ascending water front and subsequent root uptake were measured as time-lapsed series in three dimensions. After acquisition, self-programmed IDL-routines were used to arrange the image files into the required folder structure needed by the next processing step. Tomograms were reconstructed and rendered in 3D using the software tools Octopus (Inside Matters, Gent/Belgium) and VGstudio Max (Volume Graphics, Heidelberg/Germany).Table 2Imaging parameter during initial test series.Exposure time \[s/projection\]Binning factorEffective pixel size \[µm/pixel\]Number of projectionsAcquisition time \[s/tomogram\]0.202 × 2110300600.102 × 2110300300.053 × 3165300150.053 × 316520010
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